Abstract. MicroRNAs (miRs) have been implicated in the development and progression of osteosarcoma (OS). However, the underlying mechanism of miR-101 in regulating of the proliferation, migration and invasion of OS cells remains to be elucidated. In the present study, reverse transcription-quantitative polymerase chain reaction data revealed that miR-101 was frequently downregulated in the tissue samples of 12 patients with OS compared with their matched adjacent non-tumor tissues. Furthermore, miR-101 was significantly downregulated in three common OS cell lines, Saos-2, MG63 and U2OS, compared with the human osteoblast cell line, hFOB1.19 (P<0.01). A luciferase reporter assay was also performed and identified c-FOS as a novel target of miR-101 in U2OS cells; overexpression of miR-101 significantly suppressed the protein expression levels of c-FOS, while knockdown of miR-101 significantly enhanced the formers' expression levels in U2OS cells (P<0.01). Independent inhibition of c-FOS and overexpression of miR-101 expression levels significantly suppressed U2OS cell proliferation, migration and invasion (P<0.01). However, overexpression of c-FOS reversed the inhibitory effect of miR-101 upregulation on proliferation, migration and invasion of U2OS cells, suggesting that miR-101 acts as a tumor suppressor in OS cells via targeting of c-FOS. Thus, we propose that the miR-101/ c-FOS axis may be a potential therapeutic target for OS.
Introduction
Osteosarcoma (OS) is the most prevalent malignant cancer of the bone, typically arising in the metaphysis of long bones, and is predominately observed in adolescents and young adults (1) . The relative 5-year survival rate of young-onset osteosarcoma is 61.6% globally (2) . Pain and swelling in the affected bone are the most common symptom of OS. Despite surgical resection (which is the standard treatment strategy) combin ed with chemotherapy and radiotherapy, the overall survival rate of patients with OS still remains poor (1) . It has been demonstrated that the deregulation of certain oncogenes or tumor suppressors is strongly associated with OS. Therefore, continued investigations for potential therapeutic targets in the aforementioned areas may reduce mortality associated with OS (3) .
MicroRNAs (miRs/miRNAs), a class of non-coding RNAs 18-25 nucleotides in length, have been demonstrated to inhibit the protein expression levels of their target genes via direct binding to the 3'-untranslated region (UTR) of their target mRNAs (4) . Through mediating the expression of target genes associated with tumorigenesis, miRs participate in the development and progression of human cancer, including OS. For example, miR-199a-3p is downregulated in OS and regulates cell proliferation and migration (5) . Additionally, miR-218 was revealed to inhibit OS cell migration and invasion by targeting T-cell lymphoma invasion and metastasis 1, and matrix metalloproteinases 2 and 9 (6) .
Deregulation of miR-101 has been demonstrated to be involved in multiple types of human malignances (7, 8) . For example, the downregulation of miR-101 in gastric cancer is associated with cyclooxygenase-2 (Cox-2) overexpression and tumor growth (9) . Recently, miR-101 has been implicated in OS. For example, Chang et al reported that miR-101 blocked the autophagy of OS cells and thus enhanced OS cell chemosensitivity (10) . Another study has revealed that miR-101 inhibited the metastasis of OS cells by targeting enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) (11) . In addition, miR-101 was revealed to inhibit proliferation and induce the apoptosis of OS cells by targeting mechanistic target of rapamycin (mTOR) (12) . The aforementioned findings suggest that miR-101 has a tumor suppressive role in OS. However, the underlying mechanism of miR-101 in regulating the proliferation, migration and invasion of OS cells remains largely unclear. In addition, as miR has various target genes (4), other targets of miR-101 may also be involved in the effect of miR-101 on the malignant phenotypes of OS cells.
Accordingly, the present study aimed to explore the molecular mechanism involving miR-101 in regulating the proliferation, migration and invasion of OS cells. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. An RT-qPCR assay was used to determine the expression levels of miR-101. Total RNA was extracted using TRIzol reagent, according to the manufacturer's protocol. miRNA Reverse Transcription kit was used to convert RNA into cDNA. RT-qPCR was then performed by using miRNA Q-PCR Detection kit on an ABI 7500 thermocycler (Thermo Fisher Scientific, Inc.). The conditions were 50˚C for 2 min, 95˚C for 10 min, and 40 cycles of denaturation at 95˚C for 15 sec and annealing/elongation at 60˚C for 60 sec. U6 was used as an internal reference. The relative expression was analyzed by the 2 -ΔΔCq method (13) .
Materials and methods

Reagents
Western blot analysis. Western blotting was performed to detect the protein expression levels of c-FOS. In brief, tissues and cells were solubilized in cold radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). Proteins were separated with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Beyotime Institute of Biotechnology) at 60 V for 30 min and transferred onto PVDF membranes, which were then incubated with phosphate-buffered saline (PBS; Beyotime Institute of Biotechnology) containing 5% milk (Mengniu, Beijing, China) overnight at 4˚C. The PVDF membrane was subsequently incubated with mouse anti-c-FOS monoclonal antibody (1:100) and mouse anti-GAPDH monoclonal antibody (1:100) at room temperature for 3 h, followed by rabbit anti-mouse secondary antibodies (1:10,000) at room temperature for 1 h. An ECL kit was then used to perform chemiluminescent detection. The relative protein expression was analyzed using Image Pro Plus software (version 6.0; Media Cybernetics, Rockville, MD, USA) and data are represented as the density ratio compared with GAPDH.
Transfection. Lipofectamine 2000 was used to perform cell transfection. For miR-101 and c-FOS function analysis, U2OS cells were transfected with scrambled miR mimics, miR-101 mimics, miR-101 inhibitor, c-FOS siRNA or c-FOS plasmid, respectively, according to the manufacturer's protocol. After incubation at 37˚C and 5% CO 2 for 6 h, the transfection medium was replaced by RPMI-1640 medium supplemented with 10% FBS. Following this, U2OS cells were cultured for 24 h prior to the subsequent assays. MTT assay. An MTT assay was performed to measure cell proliferation. At 48 h post-transfection, the transfection medium was replaced with 100 µl fresh serum-free RPMI-1640 medium containing 0.5 g/l MTT. Following incubation at 37˚C for 4 h, the MTT medium was removed by aspiration and 50 µl dimethylsulfoxide was added to each well. Following incubation at 37˚C for 10 min, the optical density was measured at 570 nm using a Bio-Tek ELX-800 Absorbance Microplate reader (Biotek Instruments, Inc.).
Cell migration assay. A wound healing assay was used to determine cell migration. Cells were cultured to full confluence and a wound of ~1 mm width was made with a plastic scriber. Cells were then washed with PBS and cultured at 37˚C with 5% CO 2 for 48 h. Finally, cells in each group were fixed in 1% paraformaldehyde (Beyotime Institute of Biotechnology) and observed under a microscope (CX23; Olympus Corporation, Tokyo, Japan).
Cell invasion assay. A cell invasion assay was performed using Transwell chambers pre-coated with Matrigel. Cell suspension containing 5x10 5 cells/ml was prepared in serum-free media and 300 µl of the cell suspension was added into the upper chamber. Then, 500 µl RPMI-1640 in 10% FBS was added into the lower chamber. Cells were incubated for 24 h at 37˚C in a humidified incubator containing 5% CO 2 . Following this, a cotton-tipped swab was used to carefully eliminate the cells that did not migrate or invade through the pores. The filters were fixed in 90% alcohol, stained with crystal violet (Beyotime Institute of Biotechnology) and observed under an inverted microscope (CX23; Olympus Corporation). Following this, 0.5 g/l MTT was added and incubated at 37˚C for 4 h. Then, the medium containing MTT was removed and 50 µl dimethylsulfoxide was added to each well. Following incubation at 37˚C for 10 min, the optical density was measured at 570 nm using a Bio-Tek ELX-800 Absorbance Microplate reader (Biotek Instruments, Inc.).
Statistical analysis. SPSS software (version 17.0; SPSS, Inc. Chicago, IL, USA) was used to perform statistical analysis. All data are expressed as mean ± standard deviation. Differences were analyzed using one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-101 is downregulated in OS tissues and cell lines.
To reveal the role of miR-101 in OS, RT-qPCR was performed to examine the expression levels of miR-101 in the tissue samples of 12 patients with OS, with adjacent normal tissues from the respective patients used as controls. As revealed in Fig. 1A , miR-101 was frequently downregulated in OS tissues compared with their adjacent non-tumor tissues. Following this, the expression levels of miR-101 in several common OS cell lines, Saos-2, MG63 and U2OS, were investigated. The human osteoblast cell line hFOB1.19 was used as a control. The data of the present study revealed that miR-101 is significantly downregulated in OS cell lines compared with the human osteoblast cell line, hFOB1.19 (P<0.01; Fig. 1B ). In addition, U2OS cells displayed the most significant decrease in miR-101 expression levels. Therefore, U2OS cells were used in the subsequent investigations in the present study.
c-FOS is a target gene of miR-101 in U2OS cells. c-FOS
was hypothesized to be a potential target of miR-101 (14) . To verify whether miR-101 was able to directly bind to its seed sequences in the c-FOS 3'-UTR in U2OS cells, Luc-c-FOS and Luc-mutant C-FOS vectors containing the wild-type and mutant binding sequences of miR-101 within the 3'-UTR of c-FOS mRNA were generated, respectively ( Fig. 2A) . A luciferase reporter assay revealed that the luciferase activity was significantly reduced in U2OS cells co-transfected with Luc-c-FOS vector and miR-101 mimics compared with the control group (P<0.01). However, the luciferase activity revealed no significant difference in U2OS cells co-transfected with Luc-mutant C-FOS vector and miR-101 mimics when compared with the control group (Fig. 2B) . The data indicates that miR-101 is able to directly bind to its seed sequences in the c-FOS 3'-UTR in U2OS cells. Therefore, c-FOS was identified as a target of miR-101 in U2OS cells.
miR-101 negatively regulates the protein expression levels of c-FOS in U2OS cells.
As miR negatively regulates the expression levels of its targets at the post-transcriptional level, the effect of miR-101 upregulation or downregulation on the protein expression levels of c-FOS in U2OS cells was further investigated. U2OS cells were transfected with miR-101 mimics or miR-101 inhibitor and the miR-101 level in each group was then detected. RT-qPCR data indicated 
miR-101 suppresses U2OS cell proliferation through targeting c-FOS.
To further explore the roles of miR-101 and c-FOS in the regulation of OS cell proliferation, as well as to reveal whether c-FOS is involved in miR-101-mediated OS cell proliferation, U2OS cells were transfected with miR-101 mimics or c-FOS siRNA, or co-transfected with miR-101 mimics and c-FOS plasmid. Subsequently, the protein expression levels of c-FOS were detected in each group. As displayed in Fig. 4A , transfection with miR-101 mimics or c-FOS siRNA led to significant reduction in c-FOS protein expression levels compared with the control group (P<0.01). However, the protein expression levels of c-FOS were higher in U2OS cells co-transfected with miR-101 mimics and c-FOS plasmid, compared with cells transfected with miR-101 mimics alone, suggesting that transfection with c-FOS plasmid reversed the inhibitory effect of miR-101 overexpression on c-FOS protein expression (Fig. 4A) . Following this, it was revealed that the upregulation of miR-101 or the knockdown of c-FOS were able to significantly suppress the proliferation of U2OS cells compared with the control (P<0.01; Fig. 4B ). However, the suppressive effect of miR-101 upregulation on U2OS cell proliferation was markedly reversed by overexpression of c-FOS (Fig. 4B) . The aforementioned findings suggest that miR-101 is able to inhibit U2OS cell proliferation, to a certain extent, via targeting c-FOS.
miR-101 inhibits the migration and invasion of U2OS cells via targeting c-FOS.
The effects of miR-101 and c-FOS on the migration and invasion of U2OS cells were investigated. Similar to the cell proliferation data, it was identified that miR-101 overexpression or c-FOS knockdown significantly inhibited U2OS cell migration and invasion (P<0.01; Fig. 5A and B, respectively) . However, the suppressive effect of miR-101 overexpression on U2OS cell migration and invasion was reversed by the upregulation of c-FOS. The aforementioned data suggest that miR-101 inhibits U2OS cell migration and invasion, to a certain extent, via targeting c-FOS.
Discussion
miR-101 has been demonstrated to act as a tumor suppressor in multiple types of human cancer (15-17) . However, the underlying mechanism of miR-101 in the regulation of OS cell In the present study, it was revealed that miR-101 is significantly downregulated in OS tissues and cell lines. Subsequently, c-FOS was identified as a direct target of miR-101 and it was revealed that the expression of c-FOS was negatively regulated by miR-101 at the post-transcriptional level in U2OS cells. Furthermore, the current results indicate that miR-101 inhibits the proliferation, migration and invasion of U2OS cells, to a certain extent, via direct suppression of the protein expression levels of c-FOS.
The tumor suppressive role of miR-101 has been demonstrated in multiple types of human cancer, including OS. Zhang et al (18) revealed that the expression levels of miR-101 significantly decreased in hepatocellular carcinoma (HCC), and its downregulation was associated with tumor aggressiveness and poor prognosis. Furthermore, the aforementioned study demonstrated that overexpression of miR-101 significantly inhibited the proliferation and tumorigenicity of HCC cells by targeting SRY-box 9 (19). Lei et al (16) reported that miR-101 inhibited migration and invasion, and enhanced the A B cisplatin chemosensitivity, of bladder cancer cells via inhibition of vascular endothelial growth factor C. In addition, Guo et al (19) identified that miR-101 suppressed the epithelial-to-mesenchymal transition in ovarian carcinoma cells by targeting zinc finger E-Box binding homeobox 1 and 2. Recently, the role of miR-101 in OS has been proposed in several studies (10) (11) (12) . Lin et al (12) demonstrated that overexpression of miR-101 inhibited the proliferation and promoted the apoptosis of Saos-2 cells in an mTOR-dependent manner. Zhang et al (11) revealed that overexpression of miR-101 suppressed EZH2 expression levels, and significantly inhibited the migration and invasion of OS cells, while knockdown of EZH2 also suppressed OS cell migration and invasion, suggesting that miR-101 inhibits the metastasis of OS cells by downregulation of EZH2 expression levels. In the present study, it was demonstrated that miR-101 suppressed the proliferation, migration and invasion of OS cells. Chang et al (10) previously reported the effect of miR-101 on the chemoresistance of OS cells. The aforementioned study indicated that treatment with doxorubicin induced a significantly high level of autophagy-characteristic acidic vesicular organelles and autophagy-related protein expression levels in U2OS cells, which were significantly inhibited by miR-101 overexpression. Furthermore, the autophagy blockage by miR-101 sensitized the U2OS cells to doxorubicin treatment, suggesting that miR-101 blocks autophagy during chemotherapy in OS cells and enhances chemosensitivity (10) .
As an activator protein-1 transcription factor, c-FOS has been revealed to be associated with specific enzymes involved in the synthesis of phospholipids at the endoplasmic reticulum and may activate their synthesis to accompany genomic decisions regarding growth (20) . In addition, c-FOS has been reported to have an oncogenic role in OS (21) . Overexpression of c-FOS has been demonstrated to increase the recombination frequency in human OS cells (22) and c-FOS may induce OS formation in transgenic mice via cooperating with c-jun (23). Gamberi et al (21) reported that c-myc and c-FOS were upregulated in relapsed OS, and overexpression of both in the same tumor was strongly associated with the development of metastases, suggesting that c-myc and c-FOS are involved in the growth and spread of OS; thus, synchronous overexpression of c-myc and c-FOS is a significant indicator of the metastatic potential of primary OS. In the present study, c-FOS was identified as a novel target of miR-101 in OS cells, and it was determined that miR-101 inhibited OS cell proliferation, migration and invasion via targeting c-FOS, suggesting that miR-101 may have a role in the regulation of OS growth and metastasis via targeting c-FOS.
The association between miR-101 and c-FOS has also been identified in other types of cancer. Konno et al (14) demonstrated that miR-101 was able to target EZH2, myeloid cell leukemia 1 (MCL-1) and c-FOS to suppress proliferation, invasion and stem cell-like phenotypes of aggressive endometrial cancer cells. Liang et al (24) reported that miR-101 inhibited the G1 to S phase transition of cervical cancer cells by targeting c-FOS. Furthermore, overexpression of miR-101 may also suppress cellular proliferation, migration and invasion of gastric cancer cells by targeting EZH2, Cox-2, induced MCL-1 and c-FOS. Therefore, the miR-101/c-FOS axis may be a common regulatory mechanism in several types of cancer, highlighting its potential value in cancer therapy.
In conclusion, the present study suggests that miR-101 has a suppressive role in the regulation of OS cell proliferation, migration and invasion, to a certain extent, via targeting c-FOS. Accordingly, miR-101 and c-FOS may serve as potential therapeutic targets for OS.
